Background. X-linked nephrogenic diabetes insipidus (NDI) is a rare polyuric disorder caused by inactivating mutations in the arginine vasopressin receptor Type 2 (AVPR2) gene.
Introduction
G protein-coupled receptors (GPCR) constitute the largest family of membrane receptors and play pivotal roles in controlling almost every physiological function. They are important drug targets in treating numerous diseases but mutational alterations in GPCR can also be responsible for disorders. To date, >30 monogenetic diseases have been identified to be caused by mutations in GPCR [1, 2] . The X-linked nephrogenic diabetes insipidus (NDI) is a rare disorder (OMIM 304800) caused by loss-of-function mutations in the arginine vasopressin receptor Type 2 (AVPR2) gene [3] . AVPR2 is a Gs-coupled receptor mainly expressed in the renal principal cells of the collecting duct and is involved in water reabsorption. NDI is characterized by resistance of the kidneys to the anti-diuretic effect of the neurohypophysial hormone arginine vasopressin (AVP). The kidney loses its ability to concentrate urine and produces abnormally large volumes of diluted urine. Consequently, this can lead to severe dehydration and electrolyte imbalance, primarily hypernatraemia and hyperchloraemia [4, 5] . In some families, however, NDI demonstrates an autosomal recessive mode of inheritance. In these patients, mutational analysis of the gene encoding for the AVP-sensitive water channel, aquaporin 2 (AQP2), revealed the molecular defect [6] [7] [8] .
More than 200 different disease-causing AVPR2 mutations have been identified in X-linked NDI families; yielding~50% missense mutations, 27% small deletions/ insertions, 9% non-sense mutations and 8% large or complex deletions [1, 9, 10] . In addition to mutational analysis of NDI patients, detailed functional analysis of the altered AVPR2 proteins is an important part of molecular characterization. Mutations in the AVPR2 gene result in receptor dysfunction at different functional levels: (i) gene deletion and complex genomic rearrangements [11] [12] [13] , (ii) improper messenger RNA splicing [12, 14, 15] , (iii) improper protein folding and intracellular trafficking [6, 16, 17] and (iv) alterations in ligand-binding properties [16, 18, 19] . Functional characterization becomes more relevant because several misfolded and premature stop codon truncated AVPR2 can be at least partially rescued by pharmacological chaperones and drugs influencing the ribosomal fidelity, respectively [20] [21] [22] [23] [24] .
Herein, we report six patients with NDI carrying four novel missense mutations (A89P, G107R, Q174R, W208X) and three recurrent mutations (V277A, R337X/DR247-G250) in the AVPR2 gene. Functional analysis of the novel AVPR2 mutants revealed that these missense mutations probably led to intracellular receptor retention.
Materials and methods

Study subjects
Six NDI patients and some closely related family members from six different families were investigated. The patients were from different ethnic backgrounds. Patient 1 was of Iranian, Patient 2 of Italian and Patients 3 and 5 of German descents. Patient 4 (female) was from Finland and Patient 6 had Greek origins. The parents of all families were apparently not related. Patients had a history of fever, polyuria, polydipsia and periods of constipation. The diagnosis of NDI was based on clinical symptoms (Table 1 ). All chemical laboratory tests were performed using standard clinical laboratory assays. Institutional approval and written informed consent from all patients and the family members were obtained. All clinical, laboratory and genetic investigations were conducted according to Declaration of Helsinki principles.
Sample preparation and AVPR2 gene analysis
Genomic DNA was prepared from whole blood samples by conventional methods (DNeasy Kit; QIAGEN, Hilden, Germany). The AVPR2 gene was amplified by polymerase chain reaction (PCR) using 0.1 lg of genomic DNA as template. One primer pair was used to amplify the entire coding region of AVPR2 including the two introns: V2-sense 5#-TCACC-TCCAGGCCCTCAGAACACCT-3#; V2-antisense 5#-CCACTAGAGG CAGAGCACCCAACAG-3#. In each case, two independent AVPR2 amplifications were performed to verify correct sequence analysis. All PCRs were performed with Phusionä High-Fidelity DNA Polymerase (New England Biolabs, Frankfurt, Germany) essentially following manufacturer's protocol (exception: addition of 5% dimethyl sulphoxide to PCR) under the following conditions: (35 cycles) 10 s 98°C, 30 s 60°C, 1 min 72°C. PCR samples were separated by 1% agarose gel electrophoresis and DNA was extracted. Specific PCR fragments were sequenced with a dyeterminator cycle sequencing kit on an ABI 3700 automated sequencer (Applied Biosystems, Foster City, CA). In case of heterozygosity, allelic separation was performed by subcloning (pCR2.1-TOPO vector; Invitrogen, La Jolla, CA) and subsequent sequencing. For Patient 6 and family members, genetic analysis of the aquaporin 2 (AQP2) gene was performed as described in [6, 8] .
Generation of mutant AVPR2
AVPR2 mutations (A89P, G107R, Q174R and DR247-250) were introduced into the human AVPR2 expression plasmid, V2-pcDps [25] , using a PCR-based site-directed mutagenesis and restriction fragment replacement strategy. In addition, wild-type and mutant AVPR2 were epitope-tagged with an N-terminal haemagglutinin (HA)-tag (inserted after the initiating methionine codon) and a C-terminal FLAG-tag (inserted before stop codon) by a PCR-based overlapping fragment mutagenesis approach. The identity and correctness of all PCR-or restriction-derived sequences was confirmed by DNA sequencing. To monitor the transfection efficiency and for control purposes in functional studies, an expression plasmid for the green fluorescent protein (GFP) was used (pEGFP-C1 vector; Clontech, Palo Alto, CA).
Cell culture
COS-7 and HEK293 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 lg/mL streptomycin at 37°C in a humidified 7% CO 2 incubator. Lipofectamineä ALPHAScreenä cAMP assay cAMP content of cell extracts was determined by a non-radioactive cAMP accumulation assay based on the ALPHAScreenä technology according to the manufacturer's protocol (Perkin Elmer LAS, Rodgau-Jügesheim, Germany) [26] . Stimulation with various AVP concentrations ([Arg8]-vasopressin acetate salt, Sigma-Aldrich, Seelze, Germany) was performed 48 h after transfection for 1 h at 37°C. Reactions were stopped by aspiration of media and cells were lysed in 50 lL of lysis buffer containing 1 mM 3-isobutyl-1-methylxanthine. From each well, 5 lL of lysate were transferred to a 384-well plate. Acceptor beads (in stimulation buffer without 3-isobutyl-1-methylxanthine) and donor beads were added according to manufacturer's protocol. Cyclic AMP accumulation data were analysed using GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego, CA).
ELISA studies
To estimate cell surface expression of receptors carrying an N-terminal HA-tag, we used an indirect cellular ELISA [16] . Briefly, transfected COS-7 cells were formaldehyde fixed without disrupting the cell membrane and incubated with peroxidase-labelled monoclonal anti-HA antibody (3F10; Roche Applied Science, Mannheim, Germany; 1:1000 in DMEM with 10% fetal bovine serum). After removal of excess unbound antibody, H 2 O 2 and o-phenylenediamine (2.5 mmol/L each in 0.1 mol/L phosphate/citrate buffer, pH 5.0) were added to serve as substrate and chromogen, respectively. After 2-15 min, the enzyme reaction was stopped by the addition of 1 mol/L H 2 SO 4 containing 0.05 mol/L Na 2 SO 3 and colour development was measured bichromatically at 492 and 620 nm using an ELISA reader (Sunriseä; Tecan Group Ltd). To further assess the amount of full-length double-tagged AVPR2 (N-terminal HA-tag, Cterminal FLAG-tag), a sandwich ELISA was used essentially as described previously [6] . Briefly, microtitre plates were coated with a polyclonal anti-FLAG antibody (M2; Sigma-Aldrich) and cell lysates were applied. Following intensive washing with phosphate-buffered saline (PBS) containing 0.05% Triton X-100 (PBS-T), plates were incubated for 1 h at room temperature with a peroxidase-labelled monoclonal anti-HA antibody (3F10; Roche Applied Science, 1:1000 in PBS-T). Bound antibody was detected and quantified as described above.
Immunofluorescence studies
Immunofluorescence studies were carried out to examine the sub-cellular distribution of the wild-type and mutant AVPR2. Seventy-two hours after transfection, HEK293 cells were fixed and probed with an anti-HA monoclonal antibody (12CA5; Roche Applied Science, 10 lg/mL in DMEM with 10% fetal bovine serum). The primary antibody was detected using an anti-mouseIgG-fluorescein isothiocyanate (Roche Applied Science) secondary antibody. To detect intracellularly retained receptors, cells were permeabilized with 0.1% Triton X-100 in PBS. Specific labelling of endoplasmic reticulum (ER) was achieved by transfection of the mammalian expression vector pDsRed2-ER (Clontech). Fluorescence images were obtained with a confocal laser-scanning microscope (LSM 510; Carl Zeiss Jena GmbH, Jena, Germany).
Results
Mutational analysis
Genomic DNA was prepared from blood samples of each patient and the complete coding region of the AVPR2 gene including the two introns was amplified by PCR. Subsequent sequence analysis revealed four novel missense mutations Table 1 ). In the case of Patient 6, both the mother and sister were polydipsic, showed slightly increased urine volume and decreased urinary osmolality and, therefore, were genotyped. The mother of Patient 6 carried two different mutations in the AVPR2, R337X and a 12-bp deletion DR247-G250. Allelic separation showed that the mutations were located on different alleles. The sister was heterozygous for the 12-bp deletion mutation. Additionally, mutational analysis of Family 6 was extended to the AQP2 gene. All three family members shared a recurrent, silent mutation in exon 2 [S167 (TCC > TCT), rs426496] and three common single-nucleotide polymorphisms (rs410837, rs371777 and rs403201) in the third intron of the AQP2 gene. The patient and his mother had an additional heterozygous mutation (rs3741559) in the first intron, close to the splice donor site. However, no functionally relevant mutation was identified in the AQP2 gene.
Functional characterization of mutant AVPR2
For functional characterization, novel mutations (A89P, G107R, Q174R) were introduced into AVPR2 and mutant constructs were heterologously expressed in COS-7 cells. Following AVP stimulation, COS-7 cells expressing the wild-type AVPR2 responded with a 14-fold increase in intracellular cAMP levels (EC 50 : 0.52 AE 0.09 nM). In contrast, cells transfected with Q174R showed no detectable cAMP formation upon stimulation with AVP ( Figure 2 , Table 2 ). AVPR2 constructs carrying A89P and G107R mutation showed reduced efficacies, E max values: 20 and 68% of wild-type and potencies, EC 50 : 88.0 AE 19.0 nM and 156.2 AE 57.0 nM, respectively ( Figure 2 , Table 2 ). The functional consequences of W208X, V277A and R337X were obvious (truncation) or have been previously investigated [27] and, therefore, were not further characterized in this study.
Because the mother of Patient 6 (carrier of the 12-bp deletion DR247-G250) showed mild symptoms of NDI but previous studies assumed wild-type function of this AVPR2 Fig. 1 . AVPR2 model with locations of the mutations found in this study and structural conservation within mammalian AVPR2. The amino acid sequence of the human AVPR2 and the conservation of residues within mammalian orthologs is shown (modified from [10] ). Four novel (A89P, G107R, Q174R, W208X) and three recurrent (V227A, R337X, DR247-G250) mutations were identified. The novel missense mutations are located at amino acid positions, which are fully conserved during mammalian evolution. The 12-bp deletion (DR247-G250) affects non-conserved residues in ICL3. Fig. 2 . AVP-induced cAMP accumulation of wild-type and mutant AVPR2. COS-7 cells were transiently transfected with wild-type (wt) and the mutant receptors A89P, G107R, Q174R and DR247-G250, and AVP concentration-response curves were obtained by determining intracellular cAMP levels. Responses are expressed as x-fold increases in cAMP content above basal levels (control: 2.42 6 0.53 amol/cell) of wt AVPR2. Additionally, wt AVPR2 (1:125 dilution of transfected wt DNA) which showed expression levels comparable to G107R is displayed for comparison purposes. Data are presented as means 6 SEM of three to five independent experiments, each carried out in duplicate.
variant [12, 28] , functional studies were performed also with this mutant receptor. COS-7 cells expressing DR247-G250 showed AVP-mediated signal transduction properties comparable to wild-type receptor function (EC 50 ¼ 0.85 AE 0.23 nM, E max ¼ 97.3 AE 12.1% of wild-type E max ).
To further assess molecular mechanisms underlying the impaired or complete loss of receptor function of AVPR2 missense mutants, an indirect cellular ELISA was performed to estimate cell surface expression of the epitope-tagged receptor variants [16] . Additionally, the total cellular receptor expression was determined using a sandwich ELISA [6, 29] . All AVPR2 missense mutants showed significantly reduced cell surface expression levels ( Table 2) . Only the deletion mutant DR247-G250 was delivered to the plasma membrane properly and showed expression levels equivalent to the wild-type receptor ( Table 2 ). All AVPR2 mutants had similar levels of total cellular expression compared to the wild-type receptor (Table 2 ). This indicated that A89P, G107R and Q174R were properly synthesized but intracellularly retained. For functional studies, COS-7 cells were transiently transfected with wild-type (wt) or mutant AVPR2 constructs. Non-radioactive cAMP assays were carried out as described, and E max and EC 50 values were obtained from AVP concentration-response curves (1 fM-10 lM AVP) using GraphPad Prism. Data are given as mean 6 SEM of independent experiments, each carried out in duplicate. The number of independent experiments is indicated in parentheses. For each experiment, cAMP levels of 10 lM AVP-stimulated wt AVPR2 (32.75 6 5.71 amol/cell) served as reference E max value and was set 100%. For expression studies, cell surface and sandwich ELISA were used to measure cell surface and total cellular expression levels, respectively. Specific optical density (OD) readings (OD value of double HA/FLAG-tagged AVPR2 constructs minus OD value of GFP-transfected cells) are given as percentage of double HA/FLAG-tagged wt AVPR2. For the cell surface ELISA, the non-specific OD value (GFP) was 0.011 6 0.006 (set 0%) and the OD value of wt AVPR2 was 0.791 6 0.127 (set 100%). OD readings of 0.033 6 0.007 (set 0%) and 0.714 6 0.103 (set 100%) were found in sandwich ELISA for the negative control GFP and the wt AVPR2, respectively. The number of independent experiments, each carried out in triplicate, is given in parentheses. n.d., not determinable with sufficient accuracy. b No significant increase in cAMP above basal levels. To evaluate whether the reduced number of cell surface receptors is responsible for the loss of efficacy and potency of the A89P and G107R mutations, expression of the wildtype receptor was reduced to cell surface expression levels comparable to those observed for mutant receptors. Thus, following transient transfection of COS-7 cells with different amounts of wild-type DNA (serial 1:5 dilution down to 1/3125 of regular amount), cell surface expression levels and AVP-stimulated cAMP formation were determined. As expected, expression levels decreased with decreasing amounts of transfected DNA (data not shown). The efficacy of wild-type AVPR2 correlated with the cell surface expression (P < 0.0001). However, no correlation of the receptor potency (EC 50 values) and receptor expression level was seen (P ¼ 0.4167). Figure 2 shows exemplarily the AVP concentration-response curve for the 1:125 dilution of wild-type DNA, which displayed similar expression levels (49.0 AE 8.0%) as the G107R mutant. Hence, the observed reduction in potency of A89P and G107R is not caused by a reduced number of surface receptors but is most likely due to a reduced affinity for AVP.
We performed immunofluorescence experiments with the epitope-tagged wild-type and mutant AVPR2 constructs on intact and permeabilized HEK293 cells to analyse whether the reduced cell surface expression combined with an unchanged total cellular expression is caused by intracellular retention, as a result of inappropriate folding or by constitutive internalization [30] . As expected, cells expressing the wild-type AVPR2 and the deletion mutant DR247-G250 displayed intensive staining of the cell surface (Figure 3 ). For A89P and Q174R (showing basically no surface expression in the ELISA) as well as for the G107R mutant (displaying~50% of wild-type expression in the cell surface ELISA after all), no specific immunofluorescence of the plasma membrane was found (Figure 3) . Immunofluorescence studies on permeabilized cells revealed co-localization of A89P, G107R and Q174R with the ER (Figure 3 ). Internalization vesicles, as signs of constitutive internalization [30] , were not observed. Therefore, full (A89P, Q174R) or partial (G107R) intracellular retention of mutants was most likely due to improper folding and/or trafficking to the plasma membrane.
Discussion
Genetic analysis of the AVPR2 and AQP2 genes is currently the standard in diagnosis of NDI and for genetic counselling of the families. Additionally, the functional relevance of mutations found is studied in an in vitro expression system followed by functional testing of the mutant receptors. Molecular screening of six NDI patients and their families revealed four novel mutations and three recurrent mutations affecting the AVPR2 coding sequence. Second messenger assays and immunological studies of the novel missense mutations (A89P, G107R, Q174R) confirmed the clinical diagnosis of NDI.
Sequencing of the AVPR2 gene of NDI Patient 1 led to identification of a novel missense mutation A89P within the highly conserved second transmembrane domain (TMD2). Evolutionary comparison of this amino acid position revealed complete conservation of Position 89 in >80 mammalian AVPR2 orthologs (Figure 1) . Moreover, this position is fully preserved within all available sequences of mammalian vasopressin/oxytocin receptor family members and highlights the functional importance of the alanine residue for the maintenance of receptor structure and function. But, Fig. 4 . Conservation of the third intracellular loop within mammalian AVPR2 orthologs. An amino acid sequence alignment of various AVPR2 orthologs between TMD5 and 6 is shown. In contrast to transmembrane regions, ICL3 is remarkably variable in sequence and length. Residues that differ from the amino acid sequence of human AVPR2 are boxed. Additionally, the position of the 12-bp deletion mutation is indicated.
despite the high conservation of Position 89, the mutational substitution by proline may also explain complete loss-offunction. Prolines are known to kink and, therefore, disturb the a-helical structure. It is reasonable to assume that A89P leads to misfolding of TMD2 and consequently to the observed intracellular retention of the receptor protein. Similarly, the NDI-causing mutation A98P, also located in TMD2, induces complete intracellular retention of the mutant receptor protein [31] . Interestingly, molecular diagnosis of NDI in Patient 1 occurred at an age of 57. This patient did not receive any medication despite living in the hot climate of Iran and lifelong polyuria.
Likewise, the other newly identified missense mutations, G107R and Q174R, both affect amino acid residues that are fully conserved within mammalian AVPR2 sequences ( Figure 1 ) and within sequences of other vasopressin/oxytocin receptors indicating a pivotal role of these residues in receptor folding and/or function. Substitution of glycin at Position 107 with an arginine causes a change from a neutral to a positively charged amino acid. Another NDI-causing missense mutation affecting the same amino acid position, G107E (g.681G > A), was previously identified and described [32] . This mutation resulting in a change of polarity from a small neutral residue to an acidic residue was predicted to cause moderate impairment of protein function. Here, COS-7 cells expressing the mutant G107R receptor showed partially impaired AVP signalling with half maximum response compared to wild-type AVPR2 and a shift in the EC 50 value to >200-fold higher AVP concentrations. Immunological studies revealed a partial reduction of cell surface expression caused by retention in the ER, which explains the decreased sensitivity of the transfected cells to AVP. G107 is located in the first extracellular loop (ECL1). Several residues in this extracellular receptor loop were proposed to be involved in ligand binding and specificity [6, 33, 34] . Moreover, structural changes in the ECL1 were shown to be responsible for differences in cell surface expression [35] . Therefore, it is reasonable that the highly conserved G107 is important for proper folding and trafficking of AVPR2.
The missense mutation Q174R found in Patient 3 is located in TMD4 (Figure 1) , one of the lesser evolutionary conserved TMD [10] . This AVPR2 mutant is characterized by a complete loss of receptor function with no detectable stimulation of cAMP formation and basically, no receptor expression at the cell surface. Previously, a different missense mutation at Position 174 resulting in a substitution by leucine was identified in NDI patients [12] , underlining the importance of this evolutionary completely conserved glutamine for maintenance of AVPR2 folding and/or function.
Unfortunately, the low number of receptor molecules at the cell surface combined with high background signal of 3 H-AVP did not allow for meaningful radioligand-binding assays to directly determine agonist affinity at the mutant AVPR2. Therefore, we cannot finally discriminate between the impact of A89P, G107R and Q174R on agonist binding and on G protein-coupling potency. Nevertheless, all three mutants showed partial or full impairment of cells surface expression indicating some effect on receptor trafficking and most likely on receptor folding.
The non-sense mutation R337X found in Patient 6 was previously characterized and resulted in formation of a truncated AVPR2 which showed significantly decreased cell surface expression caused by retention in the ER and, therefore, significantly reduced functionality [17, 27, 36] . However, R337X can be functionally rescued by pharmacological chaperones and by aminoglycoside-induced stop codon over-read [23, 37] . Clinical investigation of the family members revealed mild symptoms of NDI for both the mother and sister of Patient 6. The mother was compound heterozygous for R337X and DR247-G250. NDI symptoms of the mother can be explained by skewed X-inactivation [23, 26, 38, 39] . However, the sister of Patient 6 carried only DR247-G250, and the AQP2 alleles showed no functionally relevant mutations. We and others have demonstrated that DR247-G250 has no negative effects on ligand binding and cAMP accumulation in in vitro assays [12, 18, 28] . Furthermore, the sequence of the deleted region in ICL3 and its length are evolutionary not conserved (see Figure 4) [10] . The cause of the mild polyuria observed in the sister of Patient 6 remains unclear.
Skewed X chromosome inactivation is most likely the cause of NDI in the female Patient 4 carrying W208X. This mutation leads to a premature stop of the polypeptide chain at the N-terminal end of TMD4. Function of this truncated protein is very unlikely as shown for a very similar and closely located mutation W200X, which did not signal and interfere with proper receptor trafficking [23] .
In conclusion, following molecular analysis of six NDI patients four novel (A89P, G107R, Q174R, W208X) and three recurrent (V277A, R337X/DR247-G250) mutations in the AVPR2 gene were found responsible for clinical symptoms. Our study again demonstrated that the combination of functional and evolutionary data is beneficial for interpretation of clinically relevant mutations and provides useful information for structure-function relationship in GPCR.
